Background: Enterochromaffin (EC) cells within the gastrointestinal (GI) tract provide
| INTRODUCTION
Enteroendocrine (EE) cells are specialized epithelial cells within the gastrointestinal (GI) tract which detect luminal nutrients and respond through the release of an array of signaling hormones and peptides.
Collectively, EE cells constitute the largest endocrine tissue in our body and approximately half of these cells synthesize and secrete the bioamine serotonin (5-hydroxytryptamine, 5-HT).
1,2 These cells, called enterochromaffin (EC) cells, produce ~95% of total body 5-HT, including all plasma 5-HT, 3 with the remainder produced primarily within neurons of the central and enteric nervous systems.
5-Hydroxytryptamine is produced in EC cells by the rate-limiting
biosynthesis enzyme tryptophan hydroxylase-1 (TPH1). 4 While much research has been focused on the diverse roles of EC cell-derived 5-HT in the control of gut motility, 5, 6 metabolic roles of plasma 5-HT have recently emerged, with evidence for a role of EC cell-derived 5-HT in the control of insulin resistance, hepatic gluconeogenesis, thermogenesis, and obesity. [7] [8] [9] Despite their role in regulating a number of important physiological functions, primary EC cells have been inadequately studied. Moreover, many findings on EC function are based on experiments performed with pancreatic carcinoma cell lines [10] [11] [12] or a human small intestinal carcinoid-derived neoplastic cell line. 13 How closely the functionality of these cell lines resembles that of primary EC cells is uncertain.
Accordingly, we have developed a technique to isolate and purify primary EC cells from guinea pig and human colon 14 and provided the first evidence of a unique mode of 5-HT release from EC cell single vesicles compared to other endocrine cells.
15-18
A variety of physiological stimuli trigger release of 5-HT from biopsied human colonic mucosal tissue, immortalized EC cell-like cell lines, and human primary 5-HT-containing cell cultures.
19-21
Enterochromaffin cells are exposed to GI luminal contents (e.g.
ingested nutrients, bile acids, and signals produced by gut microflora) and circulating nutrients. An acute change in luminal glucose concentration triggers 5-HT release in intact tissue preparations and from guinea pig primary colonic EC cells. 22 This occurs as a result of membrane depolarization and subsequent extracellular Ca
voltage-gated L-type Ca 2+ channels. 14, 22 Glucose triggers 5-HT release after uptake via the sodium-dependent glucose transporter-1 (SGLT1)
in BON cells, a 5-HT-secreting human carcinoid cell line, while in rodent intestine, glucose sensing by SGLT3 has been implicated in this response. 10, 23 The GI tract shows regional differences in anatomy and function over its full length, the type, and quantity, of nutrients that the GI tract is exposed to changes throughout its length. This is exemplified by the preferential detection and absorption of carbohydrates in the proximal intestine, which is largely complete when ingested contents have reached the colon. Furthermore, the colon hosts the majority of GI microbiota. These are able to produce their own unique products including short-chain fatty acids (SCFA) from the breakdown of carbohydrates that are indigestible by the host. Short-chain fatty acids increase 5-HT bioavailability in a number of experimental settings, 12,24-26, and it is suggested that the interaction of SCFAs with free fatty acid receptor 2 (FFAR2) may mediate this response. 27 Clear evidence for this in primary EC cells has not yet been provided.
As the concentrations and types of nutrients differ significantly throughout the GI tract, the sensing of nutrients may vary along the length of the gut. We therefore isolated primary EC cells from the duodenum and colon of mice and compared the expression of nutrient sensors in duodenal and colonic EC cells and determined whether distinct receptor expression repertoires may underlie regional differences in their nutrient-sensing capability. 
| METHODS

| Primary mouse EC cell isolation
| Immunocytochemical analysis of EC cell purity
To determine the purity of EC cells within the isolated population, cells were immunologically stained for 5-HT and TPH1. Enterochromaffin cells were cultured on glass coverslips previously coated with polyd-lysine and poly-l-ornithine (Sigma-Aldrich), in culture medium for 2 hours. Cells were fixed for 2 hours in Zamboni's fixative at 4°C,
Key Points
• Gut serotonin is known to be released in response to nutrients. However, which nutrient sensors are present on these cells and how their expression changes throughout the GI tract are unknown.
• We isolated mouse EC cells from duodenum and colon to measure nutrient sensor expression in a pure EC cell population. Gene expression of various nutrient-sensing proteins changes depending on the region examined.
• 
| Quantitative real-time PCR
Quantitative real-time PCR was used to determine expression of nutrient-sensing transporters and receptors ( 
| Statistical analysis
Analyses of data were performed using two-tailed Student's t tests for single comparisons using GraphPad PRISM 5.04 software (La Jolla, CA, USA). n indicates the number of independent cultures from different mice used. In all cases, significant differences are indicated as *P<.05, **P<.01, ***P<.001. All data are presented as mean±SEM.
| RESULTS
| Isolation and purification of colonic and duodenal mouse EC cells
Cells identified by DAPI showed a high degree of colocalization with 5-HT and TPH1 in the duodenum ( Figure 1A ) and colon ( Figure 1B ).
Quantification revealed that isolated EC cultures were highly enriched from the duodenum ( Figure 1C ; 5-HT: 85.9±9.9%, TPH1: 93.8±6.2%) and colon ( Figure 1D ; 5-HT: 97.7±1.2%, TPH1: 88.8±3.7%). Cell viability after isolation was >98% for both duodenal and colonic EC cell preparations (data not shown).
| Nutrient transporter and receptor gene expression in EC cells
We characterized expression of nutrient receptors and transporters, and the EC marker, TPH1, in enriched EC cell cultures from the duodenum and colon of mice. A single PCR product was obtained for each transcript studied (Figure 2A ). Transcripts for TPH1, GLUT1, GLUT2, GLUT5, SGLT1, SGLT3, T1R3, FFAR1-4, GPR84, GPR92, and GPR119
were detected in EC cells from the duodenum and colon ( Figure 2B ).
GLUT1, GLUT5, and SGLT1 were the most abundantly expressed sugar transporters in EC cells from both tissues, with GLUT1 the highest expressed of all transcripts from duodenum and colon (P<.05).
T1R3, SGLT3, and GLUT2 were expressed at low levels in both tissues. Another sweet taste receptor subunit, T1R2, was not detected in either duodenal or colonic EC cells. to fatty acid sensing detected in EC cells from both tissues. GPR92 and GPR119 were also expressed at low abundance in both tissues. Figure 2D ). The SCFA receptor FFAR2 was also enriched 9±1-fold in colonic EC cells (P<.05), while SGLT1, SGLT3, FFAR1, GRP84, GPR92, and GPR119 were equally abundant in EC cells from both tissues. GLUT1 transcript expression was 3±1-fold higher in colonic EC cells (Figure 3 ; P<.05).
| EC cell nutrient-sensing transcript expression is location-dependent
| DISCUSSION
This study investigated the nutrient-sensing capabilities of EC cells from the mouse GI tract. This is the first report of the enrichment of primary EC cells from the duodenum and colon of mice and builds on the capacity for primary EC cell purification in humans and guinea pigs. 14, 22, 33 This approach allows for a paired comparison of gene expression in EC cells obtained from both regions within the same mice. We have identified that EC cells enriched from the mouse duodenum and colon express receptors and transporters capable of sensing luminal sugars and FFAs, which have previously been linked to 5-HT release. 12, 20, 22, 34, 35 We also showed differential expression of specific nutrient transporters and receptors in duodenal and colonic EC cells.
This demonstrates that the capacity of EC cells to sense the nutrient environment of the GI tract may be dependent upon gut location.
Almost all intestinal glucose absorption is thought to be completed over the length of the small intestine, with limited glucose reaching the colon under normal conditions. The expression of sugar transporters in the colon, however, indicates a capacity for glucose absorption at this site. 36 The high-affinity, low-capacity glucose transporter GLUT1 is highly expressed in both duodenal and colonic EC cells. GLUT1 is responsible for uptake of glucose to maintain basal cellular respiration and is upregulated in response to low glucose. The higher expression observed in the colon may be reflective of the lower glucose exposure in this part of the GI tract compared to the duodenum and a reliance on increased sensitivity should adequate glucose levels reach this site. GLUT2 is a lowaffinity, high-capacity glucose transporter that is upregulated in conditions of high glucose availability. Expression of GLUT2 transcript was low in isolated EC cells at both sites, but was more abundant in duodenal cells. This is in line with the fact that these cells are more often exposed to high glucose conditions compared to colonic EC cells.
Expression of the sodium-glucose cotransporter-1, SGLT1, was also abundantly expressed in EC cells from both sites, highlighting that multiple routes for glucose uptake into EC cells likely exist. Previous work in the BON cell line highlighted SGLT1 as the major pathway regulating glucose-induced 5-HT release in these cells. 10, 37 While in rat, SGLT3 has been implicated as the most likely luminal glucose sensor for EC cell activation, 23, 38 we found SGLT3 to be lowly expressed in isolated mouse EC cells. Blockade of SGLT transporters inhibits glucose-dependent stimulation of EC cells and the downstream activation of intrinsic and extrinsic neurons. 38 Activation of these neural pathways leads to the inhibition of gastric motility and emptying, 39 and stimulates pancreatic exocrine secretion.
40
GLUT5, the primary facilitative fructose transporter, is enriched in the small intestine of humans. Localized to the brush border membrane, 41 it responds to increased luminal availability of fructose in mice. 42 In addition to glucose transport, GLUT2 can also transport fructose. We demonstrate here that both GLUT5 and GLUT2 are enriched in duodenal EC cells, a site with higher exposure than the colon to ingested nutrients such as fructose. Functional sweet taste receptors comprise of two subunits, with the most common of these being T1R2/T1R3 heterodimer. The T1R2 isoform is of low abundance compared to T1R3, 43 and the detection of the transcript is dependent on subtleties in assay conditions.
Immunolabeling for the T1R2 subunit has shown co-expression in only 5% of human duodenal EC cells. 43 The absence of T1R2 gene expression, but detection of T1R3 in mouse EC cells, indicates that the T1R2/ T1R3 receptor is unlikely to be a significant path to 5-HT release.
43
Rather, a T1R3 homodimer may exist, which has been previously shown to act as a glucose-sensing receptor in pancreatic β-cells. 44, 45 Alternately, transcript expression can be seen without the presence of a functional protein product. 45 Thus, the expression of T1R3 is not necessarily indicative of a functional sweet taste receptor.
Both colonic and duodenal EC cells express G protein-coupled receptors that detect free fatty acids (FFAR), amino acids, and lipid amides. These include receptors for SCFAs, which can be synthesized by gut microbiota from the breakdown of digestion resistant starches. 46 The three main SCFAs-acetate, butyrate and propio- also play an underappreciated and important role in the development of obesity. 12, 24, 50 Finally, the LCFA receptor, FFAR4, which is highly expressed in the colon compared to duodenum in both mouse and human, 20 was highly enriched in colonic EC cells. This suggests that these cells are equipped to detect FFAR4 ligands, including omega-3
FFAs. 51 Our results also add support to work demonstrating that expression of the dual medium-to long-chain FFA receptor, FFAR1, is higher in the duodenum than the colon of humans. 20 We have demonstrated that subtypes of EC cells may exist with respect to their nutrient-sensing capacity and that this is dictated by location within the GI tract. Functionally defined subpopulations of EC cells also exist, however. Several studies have shown regionaldependent colocalization of 5-HT with other EE hormones, particularly substance P, secretin, and CCK. [52] [53] [54] Whether these subpopulations play specific physiological roles within the GI tract is unknown. Within the duodenal and colonic EC cell populations we examined, functional subpopulations may also have unique nutrient-sensing capacities; however, this has not been resolved using the preparations in this study.
Enterochromaffin cells constitute the largest EE cell population within the GI tract. 55 The 
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